During embryogenesis, the spherical inner cell mass (ICM) proliferates in the confined environment of a blastocyst. Embryonic stem cells (ESCs) are derived from the ICM, and mimicking embryogenesis in vitro, mouse ESCs (mESCs) are often cultured in hanging droplets. This promotes the formation of a spheroid as the cells sediment and aggregate owing to increased physical confinement and cell-cell interactions. In contrast, mESCs form two-dimensional monolayers on flat substrates and it remains unclear if the difference in organization is owing to a lack of physical confinement or increased cell-substrate versus cell-cell interactions. Employing microfabricated substrates, we demonstrate that a single geometric degree of physical confinement on a surface can also initiate spherogenesis. Experiment and computation reveal that a balance between cell-cell and cell-substrate interactions finely controls the morphology and organization of mESC aggregates. Physical confinement is thus an important regulatory cue in the three-dimensional organization and morphogenesis of developing cells.
Introduction
It is now well recognized that physical cues play an important role in the differentiation and fate of stem cells [1] [2] [3] [4] . Mechanical forces, matrix topography, matrix mechanics and even cell shape have a profound influence on lineage commitment [1] [2] [3] [4] . However, occurring well before commitment, the inner cell mass (ICM) must organize into a three-dimensional spherical aggregate inside of the blastocyst, confined between a fluid-filled cavity and the outer trophoblast membrane. These conditions permit the initiation of embryogenesis, whereby mouse embryonic stem cells (mESCs) will subdivide into three germ layers and go on to differentiate into every cell type in the body.
It has been well established that during their pluripotent state, mESCs express high levels of cell adhesion proteins, most prominently E-cadherins [5] [6] [7] . This is unsurprising as preliminary formation of the ICM is heavily dependent on cell-cell interactions that dynamically form the physical properties of their microenvironment. In turn, E-cadherin expression and regulation play a pivotal role in morphogenesis and development through biomechanical feedback events [8, 9] . The spatio-temporal pattern of expression of E-cadherins is responsible for cell layer separation, recognition and rearrangement [10] . Furthermore, there is also an intimate association between intercellular adhesion sites, the actomyosin network and associated regulatory pathways [11, 12] . It has been reported that cortical actin is responsible for promoting distinct patterns of cadherin migration and clustering along the rim of the contact & 2016 The Author(s) Published by the Royal Society. All rights reserved.
plane between cells [13, 14] . Clearly, there exist important regulatory mechanisms to control the adhesion and organization of mESCs during the early formation of the ICM.
In vitro, standard protocols have been devised to produce cell aggregates defined as embryoid bodies (EBs) in an effort to mimic the processes that give rise to the ICM. Widespread methodologies attempt to replicate the spherical aggregation and proliferation of the ICM by confining mESCs in a hanging drop, which forces cell-cell aggregation owing to the lack of a substrate. In addition to hanging drop cultures, microfabricated substrates containing spatially ordered arrays of semi-spherical wells have also been used to initiate the aggregation of mESCs into a spheroidal structure [15] [16] [17] . Cells seeded onto such substrates are passively confined within the wells that act as a mould for the developing EB. Microfabricated substrates have the advantage of allowing one to exert control over the size and geometry of the resulting EB, which ultimately influences downstream differentiation [15, 16, 18] .
It is thought that semi-spherical microwells are simply acting as a geometric template for the resulting spherical EB. However, it is possible that the spherical formation of the EB is also finely controlled through distinct biochemical and biophysical regulatory mechanisms. Therefore, we hypothesized that spherical EBs would continue to form spontaneously even in the presence of anisotropic, non-circular physical confinement. Moreover, such aggregation and organization should be driven by both physical and biochemical mechanisms. Contrary to other studies that use isotropic microwells [15] , we have chosen to systematically examine this issue by fabricating substrates containing 1.5 cm long, 100 mm deep open-top grooves of varying widths (50-1000 mm) [19] . On these substrates, cells quickly accumulate in the bottom of the grooves, as they possess a higher mass density than the surrounding medium. After accumulating in the bottom and adhering, cells are free to migrate out of the grooves and along their length. However, cell migration is limited across the groove width. We demonstrate that this single axis of confinement (arising from the groove width) is all that is required to induce the spherical and isotropic aggregation of mESCs into an early EB. During the first approximately 6 h after entering the grooves, physical confinement leads to an increase in cell-cell collisions that nucleate the formation of a spherical EB. Conversely, in the absence of any physical confinement (cells on planar surfaces) mESCs tended to form large, flat islands, even when seeded at high density. Finally, physical confinement alone is not enough to induce EB formation, as E-cadherin activity and actomyosin dynamics play a key regulatory role. The cytoskeleton constitutively exerts tension on E-cadherins at the plasma membrane capable of modulating E-cadherin expression and subsequent cell-cell binding [20] [21] [22] . Therefore, the molecular mechanisms that control cell-cell adhesion and aggregation are also important during the earliest stages of spherical EB formation. Although mechanical forces and material properties are clearly important during developmental processes [1, 23] , our work highlights the fact that physical confinement also plays an important role in early embryogenesis. One of the earliest stages of lineage specification occurs in a highly confined environment that itself imparts a regulatory role in the aggregation and organization of cells into the ICM. Our work suggests this physical separation of the ICM and the trophoblast is not only biochemically regulated, but also driven by physical signalling.
Material and methods

Substrate fabrication
Master substrates were fabricated by means of standard soft photolithography techniques on polished silicon wafers (unicersitywafers.com, USA). Impurities on the wafer were removed with a Piranha solution (3 : 1 sulfuric acid: hydrogen peroxide) followed by a rinsing in de-ionized water and finally baked at 2008C for 30 min. A 100 mm uniform thickness of SU-8 2050 photoresists (Microchip, USA) was then spin-coated onto the wafer. Photomask patterns were subsequently transferred to the photoresist via UV exposure for 10 s as per the manufacturer's protocol. The photomask consisted of separate 2.25 cm 2 square regions each containing 1.5 cm long black lines, with 100 mm spacing. The widths of the lines varied among square regions from 50, 100, 200, 500 -1000 mm. Polydimethylsiloxane (PDMS) moulds with channelled topographies were formed by pouring a 1 : 10 (curing agent: elastomer; Sylgard 184, Ellsworth Adhesives) over the photoresist master mould. The PDMS was allowed to cross-link in a convection oven at 808C for 3 h. Functionalization of the PDMS to permit collagen coating was achieved through air plasma treatment at 50 W for 30 s. Rat-tail collagen I (5 mg cm
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, Gibco) was then deposited onto the PDMS at room temperature for 30 min to allow adhesion followed by a phosphate-buffered saline rinse.
Cell culture and drug studies
D3 mouse embryonic stem cells (mESC; ATTC, #CRL-1934) were cultured as per ATTC's protocol [24] , in Dulbeco's modified Eagle's medium supplemented with 12.5% fetal bovine serum, 0.1 mM non-essential amino acids, 30 mg ml 21 gentamicin (Gibco), 0.1 mM 2-mercaptoenthanol (Sigma) and 1000 U ml 21 leukaemia inhibitory factor (LIF; Millipore, catalogue no. ESG1106). Cells were passaged every 48 h to prevent differentiation. Cells were seeded onto the PDMS topographies immediately after passaging at 50 000 cells dish 21 . Inhibition studies of Rho-kinase (Y-27632; 10 mM, Sigma, catalogue no. Y0503), myosin-II (myo-II; blebbistatin; 10 mM, Sigma, catalogue no. B0560) and mDia (SMIFH2; 10 mM, Sigma, catalogue no. S4826) were all performed by exposing mESC for the 48 h incubation time period.
E-cadherin blocking
Prior to seeding, monoclonal DECMA-1 anti-uromodulin/ E-cadherin antibody (Sigma; 1 : 1600, catalogue no. U3254) was added to cells in free suspension for 30 min. This antibody binds directly to uvomorulin/E-cadherin which has been characterized as a 120 kDa cell surface glycoprotein. Owing to their protein structure similarities, the antibody also binds to L-CAM and cell CAM 80/120, additional transmembrane proteins involved in cell adhesion. Cells were then centrifuged and resuspended in fresh media and plated as described in §2.2. Verification of primary antibody binding was performed with an anti-rat IgG CF488A secondary antibody (Sigma, 1 : 500) during immunofluorescent staining [25, 26] .
Immunofluorescence staining, quantification, time-lapse imaging and microscopy
Cells cultured on PDMS substrates were fixed with 3.5% paraformaldehyde and permeabilized with Triton X-100 at 378C. Cells were stained for: vinculin, using monoclonal anti-vinculin (Sigma, catalogue no. V9131), actin, using phalloidin conjugated to Alexa Fluor 546 (Invitrogen, catalogue no. A22283) and DNA using DAPI (Invitrogen, catalogue no. D1306). A full protocol has been published previously [27] . Samples were then mounted using Vectashield (Vector Labs) and a no. 1 coverslip placed on top of the PDMS substrate. Samples were then inverted and imaged with a Nikon Ti-E A1-R high-speed resonant laser scanning confocal microscope (LSCM) with a phase contrast 10Â NA0.3 objective or a DIC 60Â NA1.2 water immersion objective. Immunofluorescence quantification of vinculin was performed by uniformly staining all samples concurrently and image capturing at set parameters. Images were then processed in IMAGEJ whereby the integrated density is relatively compared with background fluorescence using the measure tool [28] . For time-lapse imaging, cells were seeded onto the PDMS substrate with an additional 3 ml of media. Time-lapse phase contrast imaging was carried out on an AE30 Motic microscope with a 10Â objective, which was enclosed in a temperature regulated (378C) box. Samples were imaged every 10 min for up to 48 h. Scanning electron microscope images were acquired on a JEOL JSM-7500F FESEM.
Image and statistical analysis
To obtain a quantitative description of the changes in aggregate morphology, we developed two metrics defined as planar isotropy (I p ) and globular isotropy (I g ). The planar isotropy describes the circularity of the aggregate in the xy plane, whereas globular isotropy describes its sphericity by comparing its vertical growth (z-direction) to its effective xy size. A three-dimensional mesh representation of the cell surface is generated in IMAGEJ [29] from the confocal image slices, using a marching cube algorithm [30] . The mesh vertices r ¼ (r x , r y , r z ) are used to define the object's position (kr x l, kr y l, kr z l), where kl denotes an unweighted mean over the vertices. The root-mean square distance of all the points to this centre position is then used as a metric describing the extent of the aggregate in the three Cartesian directions. Thus, Note that a value of I p % 1 is expected for an isotropic sample (with a roughly circular footprint), whereas I p , 1 is indicative of an elongated profile. In addition, we define the dimensionless globular isotropy as a measure of the effective height R z relative to its effective
. This is calculated using the formula
ð2:4Þ
With this definition, we expect I g , 1 for the usual 'flat' (two-dimensional growth) profile and I g % 1 for a spherical (three-dimensional growth) profile.
Statistics
All statistical analyses were performed, using a one-way ANOVA followed by a Tukey test for mean comparison. Unless otherwise stated, all data are presented as mean + s.e.m. Each condition, consisting of the various drugs and channel widths, was duplicated three times.
Simulations
In order to elucidate the dependence of the cluster morphology upon both geometrical confinement and cell -cell/cell -substrate interactions, a simple simulation model is used where these factors can be independently controlled. Additional factors that can possibly influence morphology, such as cell interaction range, initial cell surface density and initial cell seed amount are held constant. This simulation model is used as a tool to reveal the potential influencing physical factors observed in aggregate formation and does not attempt to fully represent the complexities of dynamic biological systems. We thus use coarse-grained Langevin dynamics simulations where cells are described as single spherical beads. Individual cells are subject to forces arising from gravity, the solvent, the substrate, as well as other cells in the system. The equation of motion for the simulation beads is given by the Langevin equation [31] 
where m is the mass of the cells, r i is the position of the ith cell, V is the net interaction potential and F grav is the gravitational force. The last two terms are used to implicitly model the solvent as contributing to a dissipative friction F f , and an effective Brownian force F B [31] .
For simplicity, the cell -cell and cell -substrate interaction potentials have an identical form, so that they can be controlled via a single parameter. This is achieved using the modified Lennard -Jones potential
ð2:6Þ
with r being the distance between a cell and an object (either another cell or a substrate surface), 1 is the depth of the potential well, and s is the effective size of the cell (see electronic supplementary material, figure S1 ). First, for short distances (r , r cap ), we define a maximum repulsive force of F cap . This force cap is needed owing to our chosen duplication method that places overlapping daughter cells onto mother cells. The constant A 1 is chosen such that the potential is continuous at r ¼ r cap . The Lennard-Jones potential is used for intermediate distances (r cap , r , r cut ) and has a well minimum at r m ¼ 2 1/6 s. The A 2 offset is chosen such that the potential is continuous at r cut .
We use different well-depths 1 CC and 1 CS for the cell -cell and cell -substrate interactions, respectively. A finite interaction range is enforced by using a cut-off distance of r cut ¼ 2r m . Using these three components in the interaction potential maintains a repulsive behaviour at short distances and an attractive component over a finite distance (see electronic supplementary material, figure S1).
A single channel is constructed, using three mathematical surfaces placed as a bottom plate at z ¼ 0 surrounded by two walls positioned at y ¼ +w/2, where w is the channel width. Periodic boundary conditions (electronic supplementary material, figure S1 ) are used in the x-direction with the channel nominal length l x chosen such that we achieve a constant cell number density r ¼ N init /wl x (to match a selected experimental value C ¼ 450 cell mm
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) for all widths. This implies that with an initial seed of N init ¼ 45 cells, the simulation system has an area corresponding to 100 mm 2 . Under this construction, all the simulation results are taken from systems that have the same cell count and the same cell density despite having varying channel widths. Thus, by only changing the channel aspect ratio (while keeping the area of the channel floor the same), these rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160613 simulations allows us to decouple growth effects arising from different cell numbers and densities inside the channels.
The simulation is structured into two distinct phases: (i) initial cell diffusion and (ii) cell duplication. After the cells are initialized randomly onto the bottom surface, they are allowed to diffuse and explore the channel during an initial period of time (10 5 time steps), during which they are allowed to coalesce into small clusters and/or fall into low-energy regions such as along the edges of the channels. Because cell diffusion is observed to be suppressed after approximately 6 h owing to integrin binding, the duration of this phase was chosen when the bead configurations were found to be similar to those obtained from the experimental images of freshly attached cells.
At the end of this diffusion stage, daughter cells are added into the simulation until a total population of N tot ¼ 352 cells is reached. This corresponds to doubling the initial population of N init ¼ 44 cells three times (which is thus equivalent to 45 h of incubation time). Duplication is conducted by selecting a random mother cell from the simulation and inserting an overlapping daughter cell at the same location. We find that a short lapse is sufficient to allow the mother -daughter cell duo to relax and move away from one another. During this short time period, the cells are still allowed to diffuse. This sequence is repeated until all potential mother cells have duplicated once, which marks the end of a doubling phase.
The described simulation is implemented with the ESPResSO package [32] and visualized with VMD [33] . Electronic supplementary material, table S1 contains the ESPResSO numerical values for the parameters described herein. We find that these values yield stable integration in the over-damped limit and provide simulated trajectories that are qualitatively in agreement with those observed in the laboratory. Given the generic nature of this model, we nevertheless find the dependence of the cluster morphology upon the channel width (figure 4). A systematic study of these parameters remains to be conducted, as it is out of the scope of this study.
Results
Physical confinement promotes the spontaneous formation of three-dimensional spheroids
Standard soft lithography techniques were employed to fabricate collagen-coated PDMS substrates containing microfabricated grooves. Groove width was systematically varied (50, 100, 200, 500, 1000 mm) in order to alter the degree of physical confinement on scales one to two orders of magnitude larger than the average length of an individual cell (10 mm). Importantly, such geometries act to confine cell movement across the groove width, yet permit movement along the length and out of the groove [19] . We have previously shown that this can have profound impacts on the organization and migration characteristics of epithelial and fibroblast cells, even in co-culture [19] . In this study, SEM and phase contrast imaging 48 h after plating reveals that the vast majority of mESCs were found to have spontaneously formed spherical aggregates resembling EBs (figure 1b,c), including many that do not touch either vertical wall. Samples were also fixed and fluorescently labelled for actin and DNA, followed by imaging with LSCM. Images reveal that physical confinement in the grooves clearly results in mESC aggregates that possess a three-dimensional morphology (figure 1d,e). On flat, collagen-coated PDMS substrates, mESCs have essentially formed flat islands (one to two cells thick), rather than a structure resembling a spheroid ( figure 1f,g ).
To quantify the morphology of the mESC aggregates observed in this study, we calculated their planar (I p ) and globular (I g ) isotropy (Material and methods). After mESCs were allowed to proliferate on flat or grooved substrates for 48 h, they were fixed and stained as described above and imaged with LSCM. For each substrate, 10 randomly chosen locations were imaged on both substrates. For each aggregate identified, the images were thresholded and for each image slice in the confocal stack, we determined the coordinates of the circumference of the aggregate using the 'analyse particles' IMAGEJ plugin. This approach provided the coordinates of the aggregates in three dimensions and allowed us to quantitatively assess the shape of the aggregates, using our definitions of I p and I g . As the isotropy value approaches 1, I p and I g describe a perfect circle and sphere, respectively. As expected, when one views the aggregates from above, regardless of substrate topography, all aggregates appear roughly circular with an I p that varies between 0.66 + 0.03 and 0.78 + 0.03 depending on grove width. Importantly, there was no statistically significant dependence of I p on groove width or substrate topography ( p . 0.05 in all cases).
In contrast, I g analysis revealed that on flat substrates, cells proliferated in a planar fashion where I g ¼ 0.27 + 0.02. Conversely, in the grooves, globular isotropy was inversely proportional to groove width. In the 50 mm wide grooves, spheroids possessed an average I g of 0.86 + 0.03, which decreased to 0.32 + 0.02 in the 1000 mm wide grooves (figure 1h). Only the aggregates in the 50 and 100 mm grooves possessed an I g significantly larger than the aggregates on the flat substrates ( p , 0.001). Interestingly, the number of cells per aggregate (50 + 7 cells) did not display any statistically significant dependence on groove width ( figure 1i ).
An SEM image of a spheroid in a 100 mm channel after 48 h of proliferation (figure 1b) clearly reveals that spheroids can form without contacting channel walls for support, consistent with LSCM data. However, spheroids can also be found in contact with groove walls if they become very large or happen to initiate immediately beside a wall. This presented a problem in the 50 mm channels as the aggregates were often found in contact with both walls, potentially leading to the larger observed I g values. Therefore, in the following sections, we performed all experiments in 100 mm wide channels in order to ensure that the observed morphology is not influenced by the aggregate coming into physical contact with both channel walls.
The role of actin dynamics on three-dimensional aggregate formation
In order to investigate the role of actin dynamics in regulating aggregation and three-dimensional morphology, mESCs were treated with a well-known Rho-kinase (ROCK) inhibitor (Y27632), a specific myo-II inhibitor (blebbistatin) and an mDia1/2 inhibitor (SMIFH2). In general, ROCK plays a major role in many aspects of actin organization, myo-II governs actin contractility and mDia1/2 belong to a family of formins that regulate actin nucleation and polymerization [34 -36] . After 48 h of culture, cells were fixed and stained to visualize the actin cytoskeleton and the nucleus with LSCM. Inhibiting ROCK and mDia1 caused a statistically significant effect ( p , 0.001) on spheroid shape characteristics while blebbistatin had little effect. The ROCK inhibitor completely inhibited the three-dimensional shape of the rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160613 spheroid (figure 2a), resulting in cells growing along the sides of the grooves. Cells could be found in isolation and small island-like aggregates that resembled growth on a flat substrate. The average I g of the aggregates was determined to be 0.22 + 0.02, which is significantly less than untreated cells 0.49 + 0.04 ( p , 0.001). Blebbistatin treatments appeared to have no effect on I g (0.54 + 0.05) compared with untreated cells in 100 mm channels (figure 2b). Conversely, inhibition of mDia resulted in the formation of more isotropic spheroids (I g ¼ 0.80 + 0.04, figure 2c), significantly higher than the untreated cells in 100 mm channels ( p , 0.001; figure 2d ). Finally, on flat substrates, drug treatments had no statistically significant effect ( p . 0.05) on I p or I g compared with untreated cultures (electronic supplementary material, figure S2) . These results clearly demonstrate that the role of actomyosin dynamics in regulating cellular aggregation and organization in three-dimensional spheroids is strongly dependent on the presence of physical confinement.
Direct modification of cell -cell and cell-substrate adhesion
To investigate the importance of cell-cell and cell-substrate interactions during aggregate formation, we designed two additional experiments. In the first case, we interfered with cell-cell interactions by treating mESCs in suspension with an E-cadherin primary antibody for 30 min prior to culturing on flat and 100 mm grooved surfaces. After 48 h of culture, cells were stained and imaged for actin and DNA. In addition, we also treated the cells with a fluorescently labelled secondary antibody to visualize the E-cadherin antibody that was Figure 1 . Effects of topographical confinement on embryonic stem cell growth. (a) A perspective view of an SEM image of the PDMS substrate reveals the structure of a typical microtopography with 100 mm grooves and ridges. Embryonic stem cells are seeded on this 100 mm groove topography for 48 h, whereby spheroidal aggregates begin to form as a result of the confinement properties of the microenvironment (scale bar, 100 mm). SEM (b) and phase contrast (c) images display the spheroidal geometry of the aggregates in the 100 mm groove after 48 h of growth (scale bars, 25 mm). Actin (red) and DAPI (blue) in a top-down (d ) and side (e) view further reveal the three-dimensional geometry of the aggregate in a grooved space. Dotted lines indicate the presence of the channel walls. Cells plated on a flat PDMS substrate demonstrated significantly different geometric shapes with their morphology resembling a circular (f, top-down) yet flat shape (g, side view; all scale bars, 25 mm). (h) The globular isotropy I g (blue) and planar isotropy I p (red), which define the sphericity and circularity of the aggregate, respectively, revealed that at higher levels of confinement (50, 100, 200 mm), Ig is statistically different (***p , 0.001, *p , 0.05, one-way ANOVA, mean + s.e.m.) to the flat substrate while I p remains unaffected. (i) The number of cells per aggregate was also counted to ensure that the differences in morphology observed was not the result of cell density. The results show no statistically significant difference across any of the channels and the flat substrate (n ¼ 25). (Online version in colour.) rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160613 introduced prior to plating. Applying the secondary antibody confirmed the presence of the primary antibody bound to E-cadherins even after 48 h in culture. Imaging reveals that cell-cell aggregate formation was significantly impaired. Individual cells were clearly dispersed and sometimes found in isolation (figure 2e). Spheroid formation was abolished and cells were found throughout the channels.
In a second experiment, we sought to manipulate cellsubstrate adhesion. In this case, PDMS substrates were either left unfunctionalized or functionalized with fibronectin in addition to collagen. Bare PDMS channels or flat substrates completely lacked any significant cell proliferation after 48 h confirming the importance of matrix proteins in promoting adhesion (electronic supplementary material, figure S3a,b). We then hypothesized that additional extracellular matrix proteins should provide an increased number of sites for cell -substrate binding via integrins and thereby enhance cell -substrate interactions. Interestingly, the altered adhesive properties of the substrate (collage þ fibronectin) did not impede the formation of spheroids, which occurred in a manner consistent with previous data. However, the addition of fibronectin to the surface promoted cell growth on the groove ridges (electronic supplementary material, figure S3c). The morphology of the cells on the ridges was similar to cells growing on flat substrates. Cells found on ridges clearly lack the influence of physical confinement, indicating its importance in the formation of spheroids.
Effects of confinement on cell displacement and collision frequency
Thus far, we have reported on the appearance of spheroids in confined geometries after 48 h of culture. In order to understand the initiation and progression of spheroid formation at early times, we performed live cell time-lapse phase contrast imaging of mESCs over a 24 h period following plating on flat and grooved surfaces (three replicates in both cases). On flat substrates (figure 3a and electronic supplementary material, video S1), cells initially attach to the surface as single cells or in small groups and then proliferate into island-shaped aggregates. In general, we also observe that island growth occurs mainly through proliferation rather than through new cells joining the island through migration. Time-lapse imaging of grooved surfaces reveals a very different series of events. Immediately after seeding, cells were found at the bottom of the grooves owing to their rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160613 higher mass density than the surrounding medium (figure 3b). Within 12 h incubation time, cell -cell aggregation nucleates the formation of the spheroids. By 24 h, the spheroids have exhibited proliferative growth, expanding in three dimensions (electronic supplementary material, video S2). A more in-depth analysis over a 2 h period shortly after seeding (figure 3c and electronic supplementary material, video S3), revealed that very early spheroid formation is driven by the collision and aggregation of a small number of cells. In the early spheroid, mitosis can be observed (figure 3d). After cytokinesis occurs, the newly divided cells remain adhered to the aggregate. This process continues as the initial nucleate develops into a three-dimensional spheroid.
To quantify these observations, we measured the frequency of collision events between cells during the early formation of the spheroids (figure 4a). Importantly, cells found in the grooves exhibited a collision frequency (22 + 7 collisions h
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) approximately fourfold higher than cells on flat surfaces (7 + 2 collisions h 21 ). However, as the number of cells seeded onto each substrate was constant, the collection of cells into the grooves leads to a higher effective cell density as a result of physical confinement.
To control for this effect, a series of experiments were performed in which the number of cells added to the flat substrate matched the effective density observed in the 100 mm channels (approx. 450 cells mm
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). Importantly, even at this higher seeding density, the observed collision frequency (3 + 1 collisions h 21 ) remained significantly lower than observed within the 100 mm channels ( p , 0.001). Interestingly, when comparing the effect of cell density on flat substrates, there appears to be a twofold drop in cell collision frequency within high-density conditions. Statistical analysis shows no significant difference ( p , 0.05) between these conditions which suggests that the discrepancy is attributed to the inherent variability between experiments. Although islands were still observed to form at higher seeding density, they tended to be much larger, as expected (electronic supplementary material, figure S3d,f ). In our initial experiments, cell aggregates in 500 mm channels were geometrically indistinguishable from aggregates on flat substrates (figure 1h). Therefore, we also conducted an experiment where the higher seeding density was also applied to the 500 mm channels. In this case, we observed a significantly lower collision frequency (7 + 4 collisions h
21
) than in the 100 mm channels ( p , 0.001). This suggests that increased cell density alone is not responsible for the observed changes in collision frequency and that physical confinement is playing an influential role in promoting cell -cell interactions. Figure 3 . Time-lapse imaging of mESC proliferation and organization. Embryonic stem cells were seeded on to a flat (a) and 100 mm channelled (b) PDMS topography and imaged for a 24 h period. Scale bar, 50 mm. Aggregation between cells display distinctly different formation patterns as confined cells grow in a far more three-dimensional manner. (c) A closer look at the preliminary cell -cell interactions of a developing aggregate in a 100 mm channel. Scattered cells diffuse until they stochastically collide eventually forming a chain of cells. This is followed by an infolding, creating a preliminary spheroidal geometry. Once aggregated, (d ) growth occurs through cycles of mitosis (white arrow) and cell re-organization. Scale bar, 25 mm.
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Simulation of spheroid formation
Depending on their respective adhesion affinities, cell -cell and cell -substrate interactions can significantly alter cell morphology and behaviour [6,37 -39] . To assess the relative importance of cell -cell and cell -substrate binding in spheroid formation, we developed a simulation model that recreates the confinement conditions of our experiments (figure 4b). It is important to note that this model does not reproduce all the biological complexities of the system but presents complementary information which provides insight into the physical interaction between cell and substrate. In either 100 mm channels or flat substrates, cells are allowed to diffuse, interact with each other and the substrate, and undergo mitosis. initiates the diffusion phase, whereby cells explore the surrounding space. Random cells are then chosen periodically to duplicate followed by a relaxation phase whereby newly formed cells can move to a lower energy position. This sequence is repeated until each cell has undergone three generations of duplications. As can be expected, under extreme x values of 0 and 4, cell aggregation was extremely spheroidal or flat respectively (electronic supplementary material, figure S1 ). Interestingly however, changing the channel width within any condition of x displayed significant ( p , 0.001) changes in the I g of the aggregates. At x ¼ 1, the simulation represents similar I p and I g values acquired experimentally. In a non-confined system (flat), the simulation displayed aggregates with an average I g of 0.39 + 0.005, negligibly higher ( p , 0.01) than the value of 0.27 + 0.02 acquired experimentally. Similarly, under the 100 mm confinement condition, the simulated and experimental I g values were 0.46 + 0.005 and 0.55 + 0.05, respectively. These results suggest that a relatively balanced [ cc and [ cs is required to induce spherogenesis.
Discussion
In this study, we examined the influence of physical confinement on the three-dimensional spatial organization and growth of mESCs. To investigate this, we fabricated grooved, collagen-functionalized, PDMS substrates of varying widths (50, 100, 200, 500, 1000 mm) and constant depth (100 mm). Interestingly, after 48 h of incubation, cells grown on substrates with 50-200 mm grooves displayed clear spheroidal growth. This differs from the traditional flat two-dimensional cultures in which cells display flat, island-shaped aggregates. Importantly, in the absence of collagen-functionalization, cells did not adhere or proliferate on the PDMS substrates. Contrary to previous strategies using concave microwells [15] to form spheroids, this experiment reveals that spontaneous three-dimensional growth can occur as a result of a single axis of physical confinement. Quantitative globular isotropy analysis revealed how three-dimensional growth decreased with decreasing physical confinement (figure 1h). It is interesting to note that the I p within flat conditions was less than 0.8, suggesting an intrinsic level of anisotropy. Although speculative, this intrinsic level of anisotropy may potentially arise from actin stress fibre polarization in individual cells in the aggregate. Furthermore, spheroid formation did not appear to be dependent on the proximity to channel walls, displaying threedimensional growth without a surrounding matrix. The aggregation was also not the result of a higher cell density, Figure 4 . Cell-cell collision dynamics and computational modelling of cellular organization and morphology. (a) The number of collision events between cells at varying levels of confinement. Cells were seeded onto PDMS topographies and recorded every 5 min for 6 h. To compensate for the difference in cell density owing to confinement, a higher-density (HD) seed matching the effective density of 100 mm channels (450 cells mm 22 ) was performed for the 500 mm and flat conditions. The collision frequency of cells in 100 mm channels was the only condition displaying a statistically significant difference (***p , 0.001) compared with the flat PDMS control. (b) The globular isotropy I g of simulated spheroids at varying levels of x (cell -substrate/cell -cell energy). Channel widths: 50 mm (black), 100 mm (red), 500 mm (blue), 1000 mm (green), flat ( pink). Simulations were performed replicating experimental conditions, with a preliminary cell density of approximately 450 cells mm 22 at varying channel widths. Cells undergo a preliminary phase of diffusion followed by cycles of duplication and relaxation. The average (n ¼ 100) I g of aggregates demonstrates that as cell-substrate energies increase, aggregate geometry becomes flatter. To examine whether increased substrate adhesion could alter spheroid formation in the channel, we increased cell -substrate interaction by depositing both collagen and fibronectin before cellular plating. Within the confines of the grooves, spheroid formation was not obviously altered. Interestingly, cells also adhered and grew at the top of the ridges, in a flat island-like shape, a completely different morphology to the cells below. This occurrence, in which all sets of conditions are the same, isolates confinement as the influencing factor inducing three-dimensional growth.
In our previous work, mouse NIH3T3 fibroblasts and Madin-Darby canine kidney epithelial cells grown in similar channelled conditions favoured substrate adhesion and eventual monolayer formation [19] . The preferential affinity displayed by in vitro mESCs for globular formation versus substrate adhesion mimics in vivo development at the blastocyst stage. Confined within the ICM, E-cadherins play a pivotal role in cell rearrangement, tissue morphogenesis, establishing cell polarity and tissue architecture maintenance [40] . It is also highly associated with the actomyosin network, as they possess a regulatory feedback loop which can modulate cadherin expression during embryogenesis [6, 8, 14, 41] . Expression of E-cadherin significantly lowers immediately after differentiation, which has made it a pluripotency marker for undifferentiated cells [42, 43] . To examine its influence on spheroid formation within a confined channel, cells were pre-loaded with a primary E-cadherin antibody to block cell-cell adhesion that caused the abolition of spheroid formation (figure 2e). This observation is consistent with the notion that E-cadherin operates within a positive feedback loop, that if perturbed, disrupts colony formation and impairs long-term survival of ESCs [44] .
ROCK and myo-II are also known to play a role in regulating the stability of newly formed cell -cell junctions [45, 46] . Here, ROCK inhibition disrupted spheroid formation, producing results consistent with the E-cadherin blocking experiments. This is also consistent with our understanding of actin dynamics as inhibiting Rho subsequently effects E-cadherin binding. Surprisingly, myo-II did not have any clear effect on spheroid formation or shape characteristics. In this study, we were forced to use a relatively low concentration of blebbistatin (2 mM) as higher concentrations (5 and 10 mM) resulted in the complete loss of all cells from the substrate. Myo-II inhibition will destabilize E-cadherin cell -cell contacts [45, 46] and disrupt cell -substrate contacts (figure 5) [47] . We speculate there exists a sharp threshold level of myo-II activity that is required to maintain cell -substrate and cell -cell adhesion. Finally, inhibition of formins via SMIFH2 allowed us to directly inhibit actin nucleation, migration and cell -substrate adhesion pathways. As an actin regulator, mDia1/2 accelerates actin polymerization, focal adhesion dynamics, cell -substrate attachment and migration [36,48 -50] . It mediates this through its interactions with the c-Src pathway and focal adhesion kinase (FAK) pathway. Both c-Src and FAK are key proteins responsible for the formation and dynamic reorganization of focal adhesion complexes [50, 51] . Formin inhibition resulted in spheroids with significantly larger I g . As decreased cell-substrate adhesion and inhibited migratory processes tend to promote cell -cell adhesion through cadherin binding, subsequently leading to a more spherical morphology as shown by their globular isotropy values. Finally, in the channels, the number of cell -cell collisions per hour was about threefold higher compared with cells on flat substrates. This leads to an increased probability of experiencing a cell -cell collision and adhesion event in the channels.
Taken together, the picture that emerges from the experimental data is that a balance between physical and biochemical factors are influencing the early formation of EBs. The developmental pathway of the cells depends upon their dynamic interaction with the physical properties that surround them rather than their static position at any moment in development, as suggested by Beloussov et al. [52 -54] . To explore this idea further, we developed a simulation that could reproduce the organization of cells we observed during experiments. Specific cellular organization could arise from cells allowed to diffuse and collide while undergoing energetically favourable movements during relaxation phases. A parameter, x ([ cs = [ cc ), was developed to explore this phenomenon by simply changing the relative balance between cell -substrate and cell-cell adhesion strength. At x ¼ 1.0, whereby the strength of cell -cell adhesion is equal to that of cell-substrate, simulated aggregates resemble the aggregates observed experimentally. Importantly, experimental observations were reproduced under situations in which cell -cell and cell-substrate strength becomes unbalanced. In cases where x , 1.0, spheroids are formed with much higher I g than the case where x ¼ 1.0. This reflects the experimental results obtained with formin inhibition where cell -substrate interaction is impaired significantly. Alternatively, when x . 1.0, cellular aggregates possessed a low I g compared with the scenario in which x ¼ 1.0. In this case, inhibiting cell -cell interactions promotes the likelihood of cell -substrate interactions and the formation of islands or dispersed groups of cells that do not resemble spheroids.
It is well appreciated that soluble signals (growth factors, cytokines) are highly involved in the self-regulating microenvironment designated the stem cell niche [18, 38, 55] . However, recent evidence also suggests that stem cell development is strongly influenced by coexisting insoluble adhesive, topological and mechanical cues inherently contained in the niche [56 -60] . Manipulating these physical cues via patterned ECM protein or altered substrate topography has been shown to induce morphological, orientational and proliferative changes in a wide array of cell types [61 -65] . In this study, we have demonstrated that physical confinement characteristics can also be exploited to control the three-dimensional organization of mESC aggregates. Contrary to flat substrates, mESCs were observed to grow spherically in confined grooves, through initial phases of cellular aggregation followed by proliferative expansion. In recent years, considerable interest has grown in the role physical cues in the microenvironment play in stem cell regulation [2,23,66 -68] , such as matrix elasticity, nanotopography and stretch. The objective of this work has been to demonstrate that physical confinement also plays an important role in the regulation of stem cell organization in three dimensions. Therefore, physical confinement can be considered yet another physical cue that stem cells are able to sense rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160613 and respond to, although its full significance is still being fully elucidated.
Here, we have revealed that topographical confinement can promote three-dimensional spheroidal formation of embryonic stem cells. Cell proliferation in confined space was clearly altered compared with traditional flat twodimensional cultures. Importantly, confinement is a major factor influencing cell-type-dependent response to microtopographies [3, 69] . This is in line with other recent studies that have manipulated the confinement properties of hydrogels to direct stem cell growth and differentiation [3] . Much like the recent elucidation of the importance of substrate stiffness in stem cell fate [23] , the evidence of confinement as a critical factor in controlling cell growth is becoming more prominent. With the advent of three-dimensional tissue engineering and stem cell regeneration, the phenomenon demonstrated here may further help develop new scaffolds that can direct cell growth and behaviour. 
